Soon after a burst of triggered activity in the canine coronary sinus begins, an initial fall in maximum diastolic potential and increase in rate gives way to an increase in maximum diaatolic potential, reduction in rate, and eventual quiescence. This hyperpolarization, slowing, and subsequent quiescence might result from enhanced electrogenic sodium/potassium extrusion caused by the rise in intracellular sodium concentration ([Na*]i) associated with the high rate of firing. Triggered bursts can be terminated prematurely by a sudden increase in the rate of sodium extrusion. Brief exposure to K +free fluid is known to cause [Na*]i to rise; reactivating the pump by switching back to K + -containing fluid causes immediate hyperpolarization, and within a few seconds, quiescence. Brief periods of overdrive, also thought to increase [Na*l, are followed by hyperpolarization, slowing and, often, by premature termination of the burst. Inhibiting the sodium/potassium pump by exposure to 2 pM acetylstrophanthidin or to K + -free fluid (1) prevents or delays the hyperpolarization, (2) increases the rate of triggered activity and (S) prolongs bursts of activity when bursts last less than 2.5 minutes under control conditions. In the presence of 2 /IM acetylstrophanthidin, neither brief exposures to K +free fluid nor overdrive causes sudden, premature termination of triggered bursts. Bursts do eventually stop in the presence of pump inhibitors; however, that termination is associated with an increase in rate and a decline in maximum diaatolic potential and in action potential amplitude. We conclude that electrogenic Na* extrusion plays an important role in the spontaneous termination of triggered activity.
IN THE presence of norepinephrine, fibers of the canine coronary sinus can develop bursts of sustained rhythmic activity during which each action potential arises from a delayed afterdepolarization associated with the previous action potential (Wit and Cranefield, 1977) . This activity, which is "triggered" by one or more action potentials (cf. Cranefield, 1977) can last from several seconds to many minutes but usually stops spontaneously. Triggered bursts of sustained rhythmic activity (often referred to below simply as "bursts" or as "activity") might cause certain cardiac arrhythmias (Wit and Cranefield, 1977; Cranefield, 1977) . It is thus of interest to ask why and how they stop.
We studied small strips of coronary sinus tissue mounted in a fast perfusion chamber (Gadsby and Cranefield, 1977) . Such strips, if exposed to low concentrations of norepinephrine, can easily and reproducibly be triggered. Immediately after the burst begins, there is often a fall in maximum diastolic potential accompanied by an increase in rate, but this is followed by a gradual increase in maximum diastolic potential accompanied by a gradual reduction in frequency, eventually leading to quiescence. Since rapid stimulation (overdrive) of Pur-kinje fibers results in enhanced electrogenic sodium extrusion, presumably in response to a rise in the intracellular sodium concentration, [Na + ]i, due to the extra Na + influx (Vassalle, 1970; Kline et al., 1980; Gadsby and Cranefield, in press) , the high rate of activity during a burst might, similarly, lead to stimulation of the sodium/potassium exchange pump. If so, the hyperpolarization and the slowing of activity and subsequent quiescence might result from that enhanced electrogenic sodium extrusion. We report below that interventions which reduce the rate of electrogenic sodium extrusion do delay or prevent the hyperpolarization and can thereby prolong bursts, whereas interventions which temporarily enhance pump activity can cause premature termination of bursts. A preliminary account of these results has been presented to the American College of Cardiology (Gadsby et al., 1979) .
Methods
Mongrel dogs were anesthetized with sodium pentobarbital (30 mg/kg, iv). The hearts were removed rapidly through a thoracotomy and rinsed in cool, modified Tyrode's solution with the following composition in mM: NaCl, 137; KC1, 4; NaHCO 3 , 12; dextrose, 5.5; NaH 2 P0«, 1.8; MgCl 2 , 0.5; CaCl 2 , 2.7. The entire coronary sinus was removed from the heart and cut open along its length as previously described (Wit and Cranefield, 1977) . Then, under a dissecting microscope, small strips of tissue, 2-4 mm long and about 1 mm wide were dissected from VOL. 49, No. 4, OCTOBER 1981 the roof and floor of the distal half of the sinus. Preparations of such small size were used to speed diffusion equilibration in the extracellular spaces surrounding the coronary sinus cells: a further advantage is that smaller preparations generate weaker contractions and so permit microelectrode impalements to be maintained more readily during rhythmic activity. The coronary sinus strips were suspended between 100-/un-wide insect pins in the narrow channel of a modified Hodgkin-Horowicz (1959) fast-flow system which allows the composition of the solution near the center of the channel to be changed with a half time of about 0.5 second. For further details of the flow system, see Gadsby and Cranefield (1977, in press ). The temperature of the solutions was monitored close to the preparation with a small thermistor bead and was kept between 35° and 37° C.
The preparations were initially superfu3ed for 30-60 minutes with the modified Tyrode's solution, described above, and then the strips were superfused with a low-Cl Tyrode's solution containing (in mM): Na isethionate, 146 (Koch-Light); K methylsulfate, 4 (Hopkin and Williams); Hepea, 5 (N-2hydroxyethyl-piperazine-N'-2 ethanesulfonic acid, adjusted to pH 7.3 Sigma Chemical Co.); MgCl 2 , 0.5; Ca methanesulfonate, 2.7 (made with methanesulfonic acid; Eastman Kodak Corp.); dextrose, 5.5. K-free low-Cl solution was made by replacing the 4 mM K methylsulfate with 4 mM Na isethionate. These low-Cl solutions contained no added bicarbonate and were equilibrated with pure oxygen.
It should be noted that all the essential characteristics of triggered activity including both forms of termination of activity described in this article can be obtained in normal, Cl-containing Tyrode's solution (e.g., Wit and Cranefield, 1977) although, in general, lower concentrations of norepinephrine were needed to induce triggered bursts in the low-Cl solutions (preliminary results indicate that, in the presence of a given concentration of norepinephrine, much shorter cycle lengths are required to trigger the same preparation in the Cl-containing, than in the low-Cl, solution). The preparations were stimulated with external bipolar electrodes, and intracellular potentials were recorded with conventional glass microelectrodes filled with 3 M KCl (resistances, 15-40 Mfl; tip potentials less negative than -5 mV). Membrane potential was recorded differentially with respect to a reference half-cell (sintered Ag/AgCl/Pt-black pellet; Annex Research) connected to the bath via a flowing 3 M KCl junction; the latter was positioned downstream from the preparation close to the suction tube which removed the continuously flowing superfusate. An additional, similar, half-cell connected the bath to an operational amplifier which held it at virtual ground. Membrane potentials were recorded with a rectilinear pen recorder (frequency response, 3 dB down at 75 Hz; Gilson Medical Electronics) and a Honeywell 5600 tape recorder (frequency response 5 kHz; Honeywell Inc., Test Instruments Division). Results played back from the tape recorder were either recorded with the pen recorder or were displayed on a Tektronix 565 oscilloscope and photographed on moving film with a Grass kymograph camera (type C4-R).
To elicit afterdepolarizations and triggered activity, the catecholamine norepinephrine bitartrate (Levophed; Sterling Drug Inc., New York) was added (Wit and Cranefield, 1977) from a stock solution of concentration 1 mg/ml to give final, uniform concentrations of norepinephrine in the superfusate ranging from 0.01 to 1 jig/ml (approximately 30 nM to 3 /XM). The disodium salt of EDTA was also added (final concentration 10 /HM) to avoid oxidation of the catecholamine (Furchgott, 1955) . When required, the cardiac steroid, 3-acetylstrophanthidin (kindly provided by Eli Lilly and Co.) was added from a refrigerated stock solution of 5 DIM acetylstrophanthidin in ethanol. Control experiments showed that 0.1% by volume ethanol had no effect on the resting membrane potential or on triggered activity of coronary sinus fibers.
Results

Characteristics of Bursts of Triggered Activity
Representative examples of bursts of activity recorded in three different preparations exposed to low concentrations of norepinephrine are shown in the records of Figure 1 . Only the lower parts of the action potentials are shown to emphasize the changes in maximum diastolic potential during the burst. The short vertical lines beneath the records indicate the application of electrical stimuli, and the arrows mark the last driven beat before each burst begins. The records in Figure 1 and the plots of cycle length and maximum diastolic potential during activity shown in Figure 3 illustrate a number of important features common to most bursts recorded under our control conditions, i.e., in low-Cl Tyrode's solution containing 4 HIM K + and 0.01 to 1.0 /tg/ml norepinephrine: (1) electrical stimuli are able to trigger previously quiescent fibers into rhythmic activity (Fig. 1); (2) in the few seconds immediately following the first non-driven beat, the rate invariably increases ( Fig. 1 and Fig. 3 , bottom panel; see also Wit and Cranefield, 1977) ; (3) that increase in rate is usually accompanied by a decline in maximum diastolic potential (most clearly evident in Fig. 1 , B and G); (4) after reaching a maximum, the rate gradually slows and the fiber eventually becomes quiescent (Fig. 1, and Figs. 2 and 3, bottom panels); (5) the slowing and eventual termination of activity is always accompanied by hyperpolarization, i.e., by a gradual increase in maximum diastolic potential ( Fig. 1, and Bursts of triggered activity in three different preparations are shown in A, B, and C. The records are displayed at a high amplification, to clearly illustrate the changes in maximum diastolic potential that occur during activity; hence the tops of the action potentials are not shown. The vertical lines below each record indicate stimulated action potentials and the arrows point to the last stimulated action potential before triggering occurred. In A, triggered activity occurred in a preparation exposed to 0.05 fig/ml norepinephrine after five driven action potentials with maximum diastolic potentials of -87 mV. During the initial 15 seconds of activity, maximum diastolic potential decreased by only 1-2 mV while the rate increased. The maximum diastolic potential then gradually increased and the rate gradually fell. Activity stopped when maximum diastolic potential was -96 mV, and a brief further hyperpolarization then was followed by a gradual fall in membrane potential to the level which existed prior to triggering. In B, the preparation was driven by pairs of stimuli with a constant coupling in a solution containing 0.1 ug/ml norepinephrine. After triggering, at the arrow, maximum diastolic potential decreased rapidly from -85 to -75 mV while the rate increased. Maximum diastolic potential then slowly increased and was -93 mV at the termination of activity. This fiber also shows a subsequent hyperpolarization after termination followed by a slow decline in membrane potential. In C, the preparation was triggered in the presence of 0.1 fig/ml norepinephrine, and maximum diastolic potential decreased from -80 mVto -68 mV during the initial 23 seconds of activity; it then slowly increased to -80 mV and activity stopped. Membrane potential then continued to increase before slowly declining to its starting level (not shown).
fiber ( Fig. 1 ); (7) the normal spontaneous termination of activity occurs only after the maximum diastolic potential has increased to the same level as, or has become more negative than, the maximum diastolic potential immediately preceding the first non-driven beat (Figs. 1, 3 ).
Figure 1 also shows that, in spite of the common features listed above, there is considerable variability from one preparation to another, in both the size and time course of the changes in membrane potential and in the rate of firing. However, we found much less variability in any single preparation exposed to a constant concentration of norepinephrine. In particular, the duration and other major characteristics of the bursts remained much the same during repeated episodes of triggering (see, e.g., Figs. 2, 5, 7, 11, below) .
Effects of Inhibition of the Sodium Pump on Bursts of Triggered Activity
If the gradual hyperpolarization and subsequent cessation of activity result from enhanced electrogenie sodium extrusion, caused by a rate-dependent rise in [Na + ]i, inhibition of the pump should prevent or attenuate the hyperpolarization and thereby prolong the bursts.
Application of Acetylstrophanthidin
To test the effect of inhibition of the pump, we studied triggered activity in fibers exposed to 2 /XM acetylstrophanthidin, a concentration believed to fully inhibit the pump. Two to five bursts were induced under control conditions, and quiescent periods of 5-10 minutes were interposed between bursts to permit recovery. In preparations in which these "control" bursts lasted between 1 and 2.5 minutes and in which the durations of consecutive bursts did not vary by more than 10%, supervision with a solution containing 2 / uM acetylstrophanthidin (in addition to the norepinephrine) was begun either up to 90 seconds before, or immediately after, the initiation of triggered activity, and was continued for 2-5 minutes before returning the preparation to the control solution. Further bursts of triggered activity were induced in the control solution at intervals of 5-10 minutes over a period of about 30 minutes to verify the reversibility of the effect of acetylstrophanthidin.
In four experiments, we were able to maintain a continuous impalement throughout the control bursts, the test period in acetylstrophanthidin, and the period of washout and recovery. Data from one such experiment are shown in Figures 2 and 3: they show clearly that exposure to acetylstrophanthidin reversibly prolonged bursts of activity when the duration of bursts under control conditions was less than 3 minutes. They also show that the increased duration of bursts is associated with attenuation of the increase in maximum diastolic potential, and abolition of the slowing of rate, which ordinarily precede quiescence. In fact, as illustrated in Figures 2 and 3, the rate actually increased during the exposure to acetylstrophanthidin. Similar results also were obtained in experiments in which more than one impalement was needed to obtain measurements during control, test, and recovery periods: in a total of 19 experiments, the duration of the bursts under control conditions averaged 67 ± 13 (SD) sec and increased almost 4-fold, to 250 ± 28 sec, in the presence of acetylstrophanthidin. These data are taken from experiments in which activity eventually stopped in the presence of acetylstrophanthidin (see, e.g., Fig. 4 , below) as well as from experiments in which the preparation was reexposed to the control fluid before the burst had ended. About 30 minutes after the acetylstrophanthidin had been washed out, the average duration of the bursts had decreased to 56 ± 12 sec.
Figures 2-4 illustrate an additional important finding: although acetylstrophanthidin prevents the hyperpolarization and slowing that lead to the termination of bursts under control conditions, activity may nevertheless stop, even in the presence of acetylstrophanthidin ( Fig. 4 ), or shortly after its removal (Figs. 2, 3), i.e. at a time when the activity of the sodium pump is, presumably, still diminished. However, the termination of triggered activity during exposure to acetylstrophanthidin is not preceded by slowing, nor is it associated with a gradual Figure 2 . The preparation was superfused with fluid containing 0.06 pg/ ml norepinephrine throughout the experiment Each data point represents the average of values measured for three successive cycles. In both panels, the solid circles, labeled Control 1, show data prior to exposure to acetylstrophanthidin, and the triangles show the effects of acetylstrophanthidin, indicated by the horizontal line above the figure. During the initial seconds of exposure to acetylstrophanthidin, presumably before pump inhibition was complete, the cycle length increased as it did in the control bursts, but then it progressively decreased until the burst stopped. The open circles in both panels labeled Control 2, show data from the burst of triggered activity initiated 18 minutes after washing out the acetylstrophanthidin. In A, spontaneous termination is accompanied by an increase in maximum diastoUc potential, a slowing of the rate, and an increase in the amplitude of the action potentials. The last impulse of the burst is followed by a large afterdepolarization. During termination in acetylstrophanthidin (B) or in K-free fluid (C), there is no increase in maximum diastoUc potential or progressive slowing of the rate, and there is a gradual decline in the amplitude of the action potentials prior to quiescence: the afterdepolarizations following termination have somewhat different configurations than the one in A. increase in maximum diastolic potential; termination is, in fact, preceded by an increase in rate . During the final minute of activity in the presence of acetylstrophanthidin, there was a progressive decrease in the amplitude of the action potentials ( Fig. 4 ) which was not seen under control conditions.
Superfusion with K-free Fluid
Since active sodium extrusion requires the presence of extracellular potassium ions, we investigated the effects of maintained superfusion with Kfree fluid on bursts of triggered activity.
As in the experiments with acetylstrophanthidin, preparations in which bursts lasted for 1-2.5 minutes under control conditions were selected for studying the effects of K-free solution. In each preparation, several bursts were induced under control conditions at intervals of 5-10 minutes; if the durations of successive bursts did not differ by more than 10%, the effect of a 2-to 6-miriute exposure to K-free fluid was tested. The exposure to K-free fluid was begun up to 10 seconds before, or up to 20 seconds after, the onset of triggered activity. After allowing several minutes for recovery from the exposure to K-free fluid, bursts again were induced in the control perfusate containing 4 mm K + .
A representative experiment showing the changes in membrane potential during bursts of activity under control, test, and recovery conditions is shown in Figures 5 and 6 . In K-containing solution (Figs. 5A, 6) bursts showed the usual initial increase in rate followed by a gradual slowing and increase in maximum diastolic potential, culminating in quiescence. In K-free solution, however, the hyperpolarization was abolished ( Fig. 4C ) or slowed ( Fig.  5B, Fig. 6 , top panel) so that activity was prolonged ( Fig. 5, 6) ; moreover, the rate increased toward the end of the burst (Fig. 6 , lower panel). Exposure to K-free fluid thus consistently prolongs bursts of activity: in 16 experiments, the average duration of bursts under control conditions was 55 ± 16 sec, and in K-free fluid the duration increased to 310 ± 22 sec. (These data include experiments in which the preparation was reexposed to K-containing fluid before the burst ended.) After return to the solution containing 4 mM K + , the average duration of the bursts was reduced to 43 ± 8 sec.
Although bursts of activity last longer in K-free fluid (in preparations in which control bursts last for <2.5 min), triggered activity does eventually stop in the nominal absence of K + . The mechanism (s) underlying that eventual termination, however, remain unclear (see Discussion). Membrane potential changes recorded in a preparation exposed to 0.05 pg/ml of norepinephrine throughout the experiment. A shows the control burst of activity in 4 mM K, lasting 83 seconds, initiated by a single stimulus at the arrow. B shows the effects on the burst of activity of exposure to K-free fluid for theperiod indicated by the horizontal bar under the record: upon return to fluid containing 4 mM K, after termination of the burst, there is a sudden, rapid increase in membrane potential, presumably caused by stimulation of the sodium/potassium exchange pump. C shows another control burst of activity initiated about 5 minutes after the return to 4 mM [K] o solution. VOL.49, No.4, OCTOBER 1981 -65
Changes in maximum diastolic potential (MDP, top panel) and cycle length (bottom panel) during the bursts of triggered activity shown in Figure 5 . All superfusion fluids contained 0.05 /Jg/ml norepinephnne. Each data point indicates the average of measurements made for three successive cycles. In both panels, the filled circles labeled Control 1 show data obtained before exposure to Kfree fluid. The unfilled triangles (marked K-free) show data obtained during the test run in which the fiber was exposed to K-free fluid 5 seconds after initiation of the triggered burst, as shown in Figure 5B , and as indicated by the line above the graphs (note that this line refers only to the test run). In the K-free fluid, the cycle length decreased from 550 msec to 310 msec during the initial seconds of triggered activity, as it did in the control runs. In contrast to these controls, however, the cycle length did not prolong significantly during the subsequent triggered activity in K-free solution, and after 90 seconds, the cycle length became irregular with both longer and shorter cycle lengths occurring. Five minutes after the return to the control, 4 m\i [K] o superfusate, the triggered burst indicated by the unfilled circles (labeled Control 2) was initiated.
Effects of Sodium Pump Stimulation on the Duration of Bursts
Since reduction of pump activity can cause prolongation of bursts of activity, it is of interest to see whether an increase in the rate of sodium extrusion can cause premature quiescence. To answer this question, we studied preparations in which bursts under control conditions had relatively long durations, i.e., lasted more than 3 minutes.
The rate of active Na + extrusion is increased when [Na + ]i is raised; [Na + ]j can be raised either by a temporary inhibition of Na + extrusion or by an increase in Na + influx. Exposing the fibers to K-free fluid reduces Na + efflux and thus allows [Na + ]i to rise (cf. Noma and Irisawa, 1975; Gadsby and Cranefield, 1979 ). On the other hand, if the fibers are driven at a rate higher than the prevailing triggered rate (overdrive), the increase in Na + entry per unit time causes [Na^J to rise (Vassalle, 1970) .
Brief Exposures to K-free Fluid
Representative records from an experiment in which the preparation was briefly exposed to K-free solution are shown in Figure 7 . The upper record (Fig. 7A) shows a control burst of activity obtained, in this case, in 4 nuc K solution containing 0.05 fig/ ml norepinephrine. Although this burst is considerably longer than the control bursts shown in previous figures, it does show the typical, progressive increase in maximum diastolic potential, and the gradual slowing and eventual cessation of activity, which, in this instance, occurred after 250 seconds. After allowing 10 minutes for the fiber to recover from this prolonged burst, we applied several stimuli to once again trigger a burst of action potentials (Fig. 7B) . After an initial 60 seconds of activity which closely resembled the previous control burst in terms of maximum diastolic potential and rate, a 1-minute exposure to K-free fluid (also The effects of brief periods of exposure to K-free fluid on bursts of activity. The vertical lines beneath the beginning of each record indicate application of stimuli, and the arrows mark the last stimulated action potential before triggering The preparation was exposed to 0.05 isg/ml norepinephrine throughout the experiment. A shows the control burst of triggered activity in 4 mtt [K] a fluid. B shows the effects of a 1-minute exposure to K-free fluid, as indicated above the record, followed by reexposure to 4 mM [K] o fluid. In C, the preparation was superfused with fluid containing 2 fitt acetylstrophanthidin during the period indicated by the horizontal bar above the record, and was exposed to K-free fluid for 1 minute, as indicated below the record: reexposure to the 4 mM [K]o fluid did not then cause the marked hyperpolarization and sudden termination of the burst seen in the absence of acetylstrophanthidin. In D, after acetylstrophanthidin was washed out for 27 minutes, the preparation was again triggered and then briefly exposed to K-free fluid for 1 minute: on return to 4 mM [K] o fluid, the burst again stopped within 10 seconds.
containing norepinephrine) was begun. Within a few seconds, a gradual decline in maximum diastolic potential and an increase in rate were seen. At the end of the 1-minute exposure to K-free fluid, the maximum diastolic potential was lower and the rate was higher than they had been just before the switch to K-free solution. Reexposure to 4 mM K fluid was followed, within 10 seconds, by a precipitous hyperpolarization, and increase in cycle length, and premature termination of the burst. The resting potential increased for a few seconds after the onset of quiescence and then much more 8lowly declined back to its original level.
In seven experiments of this kind, a 1-minute exposure to K-free fluid was started 55-70'seconds after the initiation of a burst of activity. In these experiments, the average duration of the bursts under control conditions was 260 ± 26 sec, whereas activity invariably stopped within 10 seconds of the switching back to 4 mM K solution that followed the 1-minute exposure to K-free fluid Arrest of activity was always associated with a precipitous hyperpolarization. To demonstrate that this premature termination of triggered activity results from enhanced sodium extrusion, we repeated the brief exposure to K-free solution in the presence of 2 jiM acetylstrophanthidin (Fig. 7C ). On switching to K-free fluid, the acceleration in rate and decline in maximum diastolic potential were not as great as they had been in the absence of acetylstrophanthidin, presumably because inhibition of the pump had attenuated the hyperpolarization and slowing normally seen during the first minute of triggering (compare Fig. 7, A and B, with Fig. 7C ); a gradual decrease in cycle length did, however, occur. Upon return to 4 mM K solution (still in the presence of acetylstrophanthidin), neither hyperpolarization nor slowing was seen and activity continued for more than a minute. The eventual arrest of activity in the presence of acetylstrophanthidin was not associated with an increase in diastolic potential and reduction in triggered rate; it was instead associated with an increase in rate and a decline in the amplitude of the action potentials. In six experiments, on readmission of 4 mM K after a 1-minute exposure to K-free fluid, activity continued, on the average, for 96 ± 18 sec in the presence of acetylstrop han thi din.
In the particular experiment illustrated in Figure  7 , after washing out the acetylstrophanthidin for 27 minutes, a 1-minute period in zero K + solution followed by reexposure to 4 HIM K + solution was VOL.49, No.4, OCTOBER 1981 once again followed by rapid hyperpolarization and termination of the burst within 10 seconds (Fig.  7D ), Figures 8 and 9 illustrate the effects on maximum diastolic potential, and on cycle length, of different periods of overdrive at a rate less than twice the inherent triggered rate. In this particular preparation, in the presence of 0.1 /ig/ml norepinephrine, triggered activity lasted for more than 30 minutes under control conditions (not illustrated). The four periods of overdrive (at a cycle length of 300 msec) lasted for 4, 8, 16, and 27 seconds and are marked by the solid bars placed beneath the chart records in Figure 8 , and above the points plotted in the graph of Figure 9 . The changes in maximum diastolic potential during overdrive resemble those seen during overdrive of canine cardiac Purkinje fibers (Vassalle, 1970) , i.e., maximum diastolic potential declines during the first few seconds of overdrive but thereafter begins to increase. At the end of the 4-second period of overdrive, for example, maximum diastolic potential was about 3 mV more positive than at the start of overdrive whereas, toward the end of the 27-second period of overdrive, i'r t : >:*.,;, i> 300 FIGURE 8 Effects on maximum diastolic potential of varying the duration of brief periods of overdrive during a prolonged burst of triggered activity in a preparation exposed to 0.1 Hg/ml norepinephrine. The records are displayed at high amplification to emphasize the changes in maximum diastolic potential; hence the tops of the action potentials are not shown. The periods of overdrive, at a constant cycle length of 300 msec, are indicated by the horizontal bars beneath the records. The stimulus artifacts can be seen during these periods. The cycle length of triggered activity just before each period of overdrive was approximately 400 msec (see Fig.  9 ). the maximum diastolic potential was about 3 mV more negative than it was at the beginning of overdrive. The duration of the period of overdrive also influenced the post-overdrive changes in maximum diastolic potential. Immediately after brief periods of overdrive, the maximum diastolic potential was more positive than it had been before the overdrive (see Figs. 8 and 10) but it steadily increased over the next 10-30 seconds. Both the rate and extent of that post-overdrive hyperpolarization were found to increase as the period of overdrive was prolonged. Sufficiently long periods of overdrive, such as the 27-second period shown in Figure  8D , led to a marked post-overdrive hyperpolarization accompanied by slowing of the rate, which led to quiescence. The changes in cycle length associated with the periods of overdrive illustrated in Figure 8 are shown plotted against time from the initiation of triggered activity in Figure 9 . The periods of overdrive are indicated above the graph. During the 17 IT^-50 1 . l FIGURE 10 Action potentials recorded in a preparation exposed to 0.05 fig/ml norepmephrine, illustrating the acceleration in rate followed by slowing after a 3-second period of overdrive at a cycle length of 200 msec which is indicated by the horizontal bar under the record. The cycle length just before the overdrive was 750 msec and immediately following the overdrive it was 340 msec. Note that the reduced cycle length following the overdrive was associated with a temporary reduction in both maximum diastolic potential and action potential amplitude.
Effects of Overdrive
minutes preceding the first period of overdrive, the cycle length had slowly increased from 370 to 400 msec. Although the details are complicated to some extent by beat-to-beat alternations of cycle length, it is clearly seen that all four periods of overdrive were followed by an initial reduction in the cycle length of triggered activity (post-overdrive acceleration; cf. Vassalle and Carpentier, 1972) , and a subsequent temporary increase in cycle length (post-overdrive suppression; cf. Vassalle, 1970) .
Longer periods of overdrive are followed by greater slowing (Fig. 9) and by greater and more rapidly developing post-overdrive hyperpolarization (Fig.  8) .
As already mentioned, the results shown in Figures 8 and 9 were obtained using overdrive at rates less than twice the prevailing rate of the rhythmic focus. By overdriving at higher rates, i.e., more than double the prevailing rate, bursts of triggered activity can be terminated by relatively brief periods of overdrive. Figure 10 shows clearly that a brief period of overdrive at a high rate causes marked postoverdrive acceleration, associated with a reduction in both maximum diastolic potential and action potential amplitude, and that a subsequent gradual increase in maximum diastolic potential and in action potential amplitude, and a gradual slowing, then lead to quiescence. Figure 11 illustrates results from a different experiment. The burst shown in Figure 11A was recorded under control conditions and lasted 255 seconds. In B, after 90 seconds of triggered activity, when the cycle length had increased to 800 msec, a 5-second period of overdrive at a cycle length of 350 msec was applied. The maximum diastolic potential declined steadily during the overdrive. Immediately after overdrive, the cycle length was 400 msec, but it quickly increased, Effects of brief periods of rapid overdrive on the duration of triggered bursts. The preparation was exposed to 0.05 pg/ml norepinephrine throughout this experiment. The 5-second periods of overdrive at a cycle length of 350 msec are indicated by the thick bars under records B, C, and D. Panel A shows the control burst of activity, initiated at the vertical arrow. Panel B shows the effects of a 5-second period of rapid overdrive applied 90 seconds after initiating another burst: immediately following that period of overdrive, the maximum diastolic potential was reduced, but it rapidly increased until activity stopped. In C, the preparation was exposed to 2 >iM acetylstrophanthidin approximately 5 seconds after it was triggered, as indicated by the line above the record. In the presence of the acetylstrophanthidin, the rapid overdrive applied 90 seconds after the burst began was followed neither by rapid hyperpolarization nor by sudden quiescence. The record in D was obtained 17 minutes after the acetylstrophanthidin was washed out, and the rapid overdrive was once again followed by marked hyperpolarization and by sudden quiescence. VOL. 49, No. 4, OCTOBER 1981 as did the maximum diastolic potential, and activity ceased within 15 seconds of stopping the overdrive.
The record in Figure 11C shows that a brief period of rapid overdrive does not cause premature termination of triggered activity in the presence of 2 fiM acetylstrophanthidin. As usual, acetylstrophanthidin attenuated the gradual hyperpolarization and slowing which occurred in the first 90 seconds of triggering under control conditions (compare record C with A, B, or D). Moreover, the 5second period of rapid overdrive at a cycle length of 350 msec was followed by neither marked hyperpolarization nor quiescence. In fact, triggered activity persisted for almost 4 minutes after the period of overdrive, even though the acetylstrophanthidin was washed out within 1 minute of stopping the overdrive.
After allowing several more minutes for the fiber to recover from the effects of both acetylstrophanthidin and the prolonged period of triggered activity, a burst was again initiated and, as shown in Figure 11D , the brief period of rapid overdrive again led to rapid hyperpolarization and quiescence. Effects similar to those shown in Figure 11 were seen in four other experiments in which brief periods of rapid overdrive were applied during bursts of triggered activity.
Effects of Increasing External Potassium Concentration ([K + ] o )
The results described above support the hypothesis that enhanced electrogenic sodium extrusion causes the hyperpolarization and slowing that nor-mally culminate in termination of triggered activity. If the sodium pump of cells of the canine coronary sinus is almost maximally activated by external K + at a concentration of 4 mM, as it is in guinea pig atrial and canine Purkinje fibers (Glitsch et al., 1976; Glitsch, 1979; Gadsby and Cranefield, 1979; Gadsby, 1980) , then raising [K + ]<, above 4 mM would be expected to increase pump activity only slightly, if at all. On the other hand, raising [K + ] o may be expected to increase the slope conductance of the resting membrane so that the hyperpolarization caused by a given amplitude of pump current might be diminished. To determine which of these effects predominates, we investigated the effects on triggered activity of doubling [K + ] o , from 4 to 8 mM. Figure 12 illustrates some of the results obtained from one of the two preparations studied. In this preparation, the average duration of five bursts in 4 mM [K + ] o (not illustrated) was 107 ± 37 sec (range, 80-155 sec). A burst was then initiated in 4 mM [K + ]o, and 12 seconds later, [K + ] o was raised to 8 mM. Activity persisted for 10 minutes in the 8 mM K + fluid while the maximum diastolic potential remained steady at a level of -67 mV (Fig. 12, A  and B ). After those 10 minutes of activity, [K + ] o was suddenly lowered from 8 to 4 mM (Fig. 12C) . The maximum diastolic potential immediately began to increase and the cycle length gradually prolonged until, 35 seconds after the change in [K + ] o , activity stopped (Fig. 12D ). After allowing several minutes for recovery, four bursts of triggered activity were again induced in 4 mM [K + ] o at intervals of 5-10 minutes; those bursts lasted 74 ± 9 sec. The Effects of 8 mm [K] a on the duration of triggered activity in a preparation exposed to 0. 1 fig/ml norepinephrine. The burst was initiated in 4 mtt [K] o fluid and then, 12 seconds later, the superfusate was switched to one containing 8 mM K. The figure shows triggered action potentials recorded at slow and fast chart speeds, beginning (A) 210 seconds after the burst was initiated, while the preparation was still exposed to 8 mM [K]a. The record obtained 460 seconds after the burst began (B) shows that the maximum diastolic potential remained steady, at -67mV, in 8 mM [KJo. In C, 615 seconds after initiation of the burst, the superfusate was switched to one containing 4 mM K. The maximum diastolic potential immediately increased and triggered activity soon stopped, 40 seconds after switching to 4 mM [K] a (D) .
experiment was repeated in this preparation with similar results, and these results were confirmed in experiments on the other preparation.
In cardiac Purkinje fibers, the sodium pump is very nearly maximally activated when [K + ]o is 4 IDM (see above) and the Na/K coupling ratio of the pump appears to be independent of changes in [K + ] o (Gadsby, 1980; cf. Eisner and Lederer, 1980) . If both conditions obtain in fibers of the canine coronary sinus, the pump current should remain the same, or decline slightly, when [K + ] o is suddenly reduced from 8 to 4 mM. The slowing and eventual cessation of activity following the change in [K + ] o (Fig. 12D ) thus cannot be attributed to any increase in pump current, but must be attributed to the resulting hyperpolarization itself. The more negative maximum diastolic potential in 4 mM [K + ] o than in 8 mM [K + ] o might be expected not only because the equilibrium potential for K + ions is more negative, but also because a given pump current will cause a larger hyperpolarization if the membrane slope conductance is smaller in 4 mM [K + ] o than in 8 HIM [K + ]O.
Discussion
Our results demonstrate that, in the canine coronary sinus, triggered activity initiated in the presence of low concentrations of norepinephrine (0.01-1.0 fig/ml) terminates spontaneously in one of two ways. The first is characterized by a gradual hyperpolarization, by a gradual increase in the amplitude of the action potential and by a gradual slowing that leads to quiescence (see e.g., Figs. 1, 2A, 2C , 4A, 5A, 5C, 7A, 11A). We refer to this as normal termination. The second kind of termination is characterized by absence of hyperpolarization, by a reduction in the amplitude of the action potentials, and by an increase in rate prior to quiescence (see e.g., Figs. 2B, 4B, 4C, 5B, 7C, 11C ). This kind of termination is seen in preparations in which activity of the sodium/potassium exchange pump has been impaired by application of acetylstrophanthidin or by exposure to K-free solution. We will discuss these two kinds of termination separately.
The first kind of termination, described above, resembles patterns of termination seen in preparations from rabbit atria (Saito et al., 1977) and from human atria (Mary-Rabine et al., 1980) . We will argue below (1) that this termination is caused by an increase in the rate of active sodium extrusion in response to a rise in [Na + ]i which, in turn, results from the increased Na + influx associated with triggered activity, (2) that the sodium extrusion is electrogenic, and (3) that it is the extent of the resulting hyperpolarization, rather than the size of the increment in pump current, that determines whether triggered activity will stop.
1. The first kind of termination does not occur in preparations exposed to acetylstrophanthidin or to K-free solution; indeed, either procedure can cause marked prolongation of bursts of activity. Since both procedures are known to impair activity of the sodium pump, these results allow us to conclude that the first kind of termination depends on the presence of functioning pump sites. This conclusion is supported further by the finding that an additional increment in pump rate induced during the course of a burst of triggered activity causes a sudden marked hyperpolarization which can prematurely stop the burst. In the present study, that additional increment in pump rate was achieved by producing an additional increment in [Na + ];, via either a temporary reduction in Na + efflux, caused by a brief exposure to K-free fluid (Fig. 7 , cf. Noma and Irisawa, 1975; Gadsby and Cranefield, 1979, in press) , or by a temporary increase in Na + influx, caused by a brief period of rapid overdrive (Fig. 11, cf. Vassalle, 1970; Kline et al., 1980; Gadsby and Cranefield, in press) . That the sudden hyperpolarization and premature termination following those treatments are, indeed, due to enhanced pump activity is clearly demonstrated by their being abolished by acetylstrophanthidin (Figs.7C, 11C ). All in all, our results strongly suggest that the hyperpolarization and slowing that lead to the first kind of termination of bursts of triggered activity are caused by enhanced activity of the sodium pump in response to the increased Na + entry associated with the burst of activity.
2. Although the experiments with acetylstrophanthidin indicate that this hyperpolarization and termination result from enhanced pump activity, they do not tell us whether the pump is electrogenic or electroneutral. The hyperpolarization could be the direct effect of an increase in outward current generated by an electrogenic pump or the indirect effect of a pump-induced depletion of extracellular K + and, hence, a negative shift of the equilibrium potential for K + ions (E K ) (cf. Page and Storm, 1966; Adrian and Slayman, 1966; Gadsby and Cranefield, 1979) . However, extracellular K + depletion is expected to occur only when net flux of K + is inward, i.e., only during recovery from sodium-loading, when cellular K + content is increasing. This means that extracellular K + depletion is unlikely to be the cause of the increase in maximum diastolic potential which occurs during the burst of triggered activity (cf. Kline et aL, 1980) , although it may contribute to the further hyperpolarization which is often seen when the burst stops (see Fig. 1 ): in other words, the hyperpolarization preceding quiescence most probably results from enhanced electrogenic Na + extrusion.
3. An additional question relates to whether it is the increase in outward current generated by the pump, or the hyperpolarization caused by that increase, that is the more important factor in terminating bursts of activity. The experiment of Figure  12 , in which the reduction of [K + ] o from 8 mM to 4 mM caused an increase in maximum diastolic poten- VOL. 49, No. 4, OCTOBEK 1981 rial followed by quiescence, demonstrates that it is, in fact, the extent of the hyperpolarization, rather than the size of the underlying increment in pump current, that determines when the burst will stop, since that reduction in [K + ] o could hardly have caused pump current to increase. This argument holds whether the hyperpolarization in Figure 12C is caused predominantly by the negative shift of EK or by the presumed reduction in membrane conductance. We do not know, however, whether the hyperpolarization stops the burst merely by preventing afterdepolarizations of constant amplitude from reaching threshold, or whether the amplitude of afterdepolarizations is diminished during hyperpolarization due either to a voltage-dependent decline in the amplitude of the oscillatory inward current (cf. Kass et al., 1978; Ferrier, 1980) or to a voltage-dependent increase in membrane slope conductance (e.g., via inward-going rectification).
The second kind of termination occurs not only in the presence of micromolar concentrations of acetylstrophanthidin, but also during prolonged exposure to K-free fluid, and is thus unlikely to be caused by enhanced activity of the sodium/potassium exchange pump. The second kind of termination usually occurs without hyperpolarization and is, in fact, often associated with a reduction in maximum diastolic potential; it i3 preceded not by slowing, but by an increase in rate, and it is usually preceded by a gradual reduction in the amplitude of the action potentials. This can be seen in termination that occurs in the presence of acetylstrophanthidin or shortly after its removal (Figs. 4B, 7C, and 2B, respectively). The qualifications included in the above description of the chief characteristics of the second kind of termination refer to termination of bursts in some preparations during exposure to K-free solution (e.g., Fig. 5B ). Since net K + movement under those conditions must be outward, the K + concentration in the spaces just outside the cells is unlikely to be zero, so that electrogenic pump activity, although markedly diminished, is not abolished. Pump activity might therefore have prevented, to some extent, a gradual depolarization of the kind invariably obtained in acetylstrophanthidin, but only sometimes obtained in K-free solution (e.g., Fig. 4C ).
It seems likely that the second kind of termination results either directly or indirectly from the steady rise in [Na + ]i which is expected to occur when activity of the sodium pump is impaired. Alternatively, it is possible that either the expected, concomitant fall in intracellular K + concentration ([K + ]i), or extracellular K + accumulation due to net K + loss from the cells, causes that termination. However, that second kind of termination is seen during maintained exposure to K-free solution, so that it is unlikely that extracellular K + accumulation plays any essential role. The expected effects of a fall in [K + ]i are depolarization and a reduction in the driving force for outward (repolarizing) K + currents, both caused by the positive shift in E K : we cannot rule out the possibility of contributions from either of these effects, although the second kind of termination can occur in the absence of marked depolarization.
A direct effect of the rise in [Na + ]i would be the dissipation of the concentration gradient for Na + ions, so that the inward Na + currents that underlie the upstrokes of the action potentials and probably contribute to the afterdepolarizations might be so diminished that electrical activity ceases. A possibly important indirect effect of the rise in [Na + ] ; might be a secondary rise in intracellular calcium concentration, [Ca 2+ ],, due to a reduced rate of calcium extrusion via a Na + /Ca 2 + exchange mechanism (Glitech et al., 1970) . That rise in [Ca 2+ ] ( might then cause an increase in any calcium-activated component of membrane K + conductance (Bassingthwaite et al., 1976; Isenberg, 1977) . Although an increase in K + conductance would normally be expected to cause hyperpolarization, this effect might be diminished or abolished as a result of the concomitant fall in [K + ]|. In this regard, it is interesting that, in certain neurons, bursts of activity sustained by depolarizing afterpotentials terminate following a gradual hyperpolarization (Kandel, 1976) ; the latter has been attributed to an increase in calcium-activated K + conductance caused by a rise in [Ca 2+ ]i (see, e.g., Hotson and Prince, 1980) . Of course, if the hyperpolarization which leads to our first kind of termination were the result of an increase in a calcium-activated K + conductance, we would not expect it to be prevented by inhibition of the sodium pump with acetylstrophanthidin.
It is worth pointing out that when the sodium pump is inhibited, spontaneous termination of bursts of triggered activity consistently occurred even though a rise in [Ca 2+ ]i might be expected to increase the size of the oscillatory inward current thought to underlie the delayed afterdepolarizations that sustain the activity (cf. Kass et al., 1978; Eisner and Lederer, 1979) . Such an increase in the oscillatory inward current might, however, be responsible in part for the increased rate of triggered activity seen following pump inhibition (e.g., Figs.  2, 7, 11) , although the results of the present study suggest that the rate increase might be attributable partly to a more direct effect of pump inhibition, namely to the depolarization caused by removal of hyperpolarizing pump current.
The post-overdrive suppression of activity in rabbit sinus node recently reported by Kodama et al. (1980) shows some features in common with our second mode of termination of bursts of triggered activity. Thus, during rapid overdrive of the node, there was a decline in maximum diastolic potential and a decline in both the amplitude and rate of rise of the action potential upstroke. The overdrive was followed by a temporary suppression of sponta-neous activity which was accentuated when the sodium/potassium pump was slowed by exposing the node to ouabain or to reduced temperature. These findings suggest that both in normal and in ouabain-poisoned or cooled nodes, the post-overdrive suppression resulted, either directly or indirectly, from changes in the intracellular concentrations of Na + and/or K + of the kind presumably associated with the second kind of termination of bursts of activity in our experiments. There is, however, reasonably good evidence for electrogenic sodium extrusion in fibers of the rabbit sinus node (Noma and Irisawa, 1975) . This suggests that phenomena related to the second kind of termination of activity might be seen in fibers in which activity of the sodium/potassium pump can neither prevent a progressive rise in [Na + ]i nor hyperpolarize the membrane to a level at which activity ceases. Under such circumstances, termination of activity might be of the second kind but the ionic gradients would be slowly restored to normal during the ensuing period of quiescence.
Although we have no detailed explanation of the mechanisms underlying the second kind of termination, we can offer a simplified summary of events following initiation of a burst of triggered activity.
(1) The increased Na + influx associated with the activity raises [Na + ]i so that the pump rate is enhanced.
(2) If enhanced pump activity causes sufficient hyperpolarization of the membrane, then triggered activity is arrested by the first kind of termination. (3) If, for any reason, the pump is unable to hyperpolarize the membrane enough to arrest activity then there are, in general, two possibilities: (a) if the pump is unable to extrude Na + at the same rate that it enters, then [Na + ], will continue to rise until the burst of activity is arrested by the second kind of termination, (b) On the other hand, if the pump is able to cope with the extra Na + influx, i.e., if it can extrude Na + at the same rate that it enters, then [Na + ]i will remain steady at a new, elevated level and triggered activity would continue indefinitely (or until arrested by some other mechanism not considered here).
The effects of brief periods of overdrive on triggered activity resemble those of overdrive of spontaneously beating Purkinje fibers (Vassalle, 1970) . Maximum diastolic potential declines during the initial seconds of overdrive and then gradually increases ( Fig. 8) : post-overdrive effects vary, depending on the duration of the period of overdrive. Immediately after very brief periods of overdrive, the rate temporarily increases and the action potentials have upstrokes of reduced amplitude (Figs. 9 and 10). This period of "post-overdrive acceleration" is often associated with a temporary decrease in the maximum diastolic potential. After longer or more rapid periods of overdrive, post-overdrive acceleration is followed by post-overdrive suppression, characterized by hyperpolarization, slowing, and even quiescence . Vassalle and Carpentier (1972) reported a "post-overdrive excitation" of quiescent Purkinje fibers exposed to norepinephrine; that excitation can sometimes be followed by a delayed suppression in spontaneously active fibers (Valenzuela and Vassalle, 1978) . Similar patterns of overdrive excitation and overdrive suppression of ventricular rhythms have been demonstrated in the in situ canine heart (Vassalle et al., 1976) . The mechanism for the post-overdrive acceleration in our experiments is not known, but, as in the experiments of Vassalle and co-workers, the post-overdrive suppression presumably is mediated by an increase in the rate of electrogenic sodium extrusion since it is abolished by acetylstrophanthidin ( Fig. 11) .
Overdrive, therefore, has different effects on triggered activity than it has on normal automatic activity. Post-overdrive acceleration is not usually seen in normal automatic fibers, and activity in such fibers can be temporarily suppressed, but not abolished, by overdrive. On the other hand, triggered activity, once arrested by overdrive, will not resume until triggered again. Some paroxysmal atrial arrhythmias, including some related to digitalis toxicity, might be caused by triggered activity, particularly those which can be initiated by premature stimuli or by brief periods of rapid drive (Wit and Cranefield, 1977) . The present study suggests that the duration of such tachycardias might, under appropriate conditions, be determined by the activity of the electrogenic sodium/potassium exchange pump. Furthermore, our results indicate that overdrive stimulation might be as effective in terminating these triggered tachycardias as it is in terminating reentrant tachycardias.
